intact animal to the cellular, subcellular, and molecular levels. It is published 12 times a year (monthly) by the American lymphatics, including experimental and theoretical studies of cardiovascular function at all levels of organization ranging from the publishes original investigations on the physiology of the heart, blood vessels, and AJP -Heart and Circulatory Physiology -Pathological cardiac hypertrophy, induced by various etiologies such as high blood pressure and aortic stenosis, develops in response to increased afterload and represents a common intermediary in the development of heart failure. Understandably then, the reversal of pathological cardiac hypertrophy is associated with a significant reduction in cardiovascular event risk and represents an important, yet underdeveloped, target of therapeutic research. Recently, we determined that muscle ring finger-1 (MuRF1), a muscle-specific protein, inhibits the development of experimentally induced pathological; cardiac hypertrophy. We now demonstrate that therapeutic cardiac atrophy induced in patients after left ventricular assist device placement is associated with an increase in cardiac MuRF1 expression. This prompted us to investigate the role of MuRF1 in two independent mouse models of cardiac atrophy: 1) cardiac hypertrophy regression after reversal of transaortic constriction (TAC) reversal and 2) dexamethasone-induced atrophy. Using echocardiographic, histological, and gene expression analyses, we found that upon TAC release, cardiac mass and cardiomyocyte crosssectional areas in MuRF1 Ϫ/Ϫ mice decreased ϳ70% less than in wild type mice in the 4 wk after release. This was in striking contrast to wild-type mice, who returned to baseline cardiac mass and cardiomyocyte size within 4 days of TAC release. Despite these differences in atrophic remodeling, the transcriptional activation of cardiac hypertrophy measured by ␤-myosin heavy chain, smooth muscle actin, and brain natriuretic peptide was attenuated similarly in both MuRF1 Ϫ/Ϫ and wild-type hearts after TAC release. In the second model, MuRF1 Ϫ/Ϫ mice also displayed resistance to dexamethasone-induced cardiac atrophy, as determined by echocardiographic analysis. This study demonstrates, for the first time, that MuRF1 is essential for cardiac atrophy in vivo, both in the setting of therapeutic regression of cardiac hypertrophy and dexamethasone-induced atrophy. ubiquitin ligase; cardiac hypertrophy; cardiac atrophy; left ventricular assist device PATHOLOGICAL CARDIAC HYPERTROPHY develops in response to increases in afterload and represents a common intermediary in the development of heart failure, a leading cause of mortality in the United States. Left ventricular (LV) hypertrophy is an independent risk factor for several adverse outcomes, including cardiac mortality, arrhythmias, and myocardial infarction (18, 
. Results from numerous studies have suggested that reducing heart mass in patients with pathological cardiac hypertrophy may reduce morbidity and mortality and improves patient outcomes (6, 10, 26, 35, 36, 44, 45) . However, the only treatments currently proven to reverse both structural and functional cardiac abnormalities associated with pathological cardiac hypertrophy are antihypertensive therapies and aortic valve replacement (for aortic stenosis), both of which have a limited success rate (14, 39) . Understanding the underlying processes regulating the plasticity of the heart will allow us to identify specific pathways against which to target new therapies and may improve the long-term outcomes of patients with pathological cardiac hypertrophy.
Muscle ring finger (MuRF) family proteins are striated muscle-specific proteins involved in cardiomyocyte development and the regulation of muscle mass (3, 32) . MuRF1 localizes specifically to the M line, a central structure of the sarcomere thick filament that has recently been recognized as a center of mechanical sensing (21) . The ring finger domain of MuRF1 has ubiquitin ligase capabilities (34) , targeting sarcomeric proteins such as troponin I and ␤-/slow myosin heavy chain (MHC) for degradation (13, 24) . This degradation occurs through the coordinated placement of polyubiquitin chains on recognized substrates, which are subsequently degraded by the proteasome (50) . MuRF1 also interacts with and inhibits serum response factor (SRF) activity, a transcription factor critical to the development of cardiac hypertrophy (49) . MuRF1's localization in the sarcomere places it in a unique position to both recognize the mechanical stresses that induce cardiac hypertrophy and regulate its subsequent development by controlling the degradation of targeted sarcomeric proteins. Indeed, results from studies using animal models where the expression of MuRF1 has been altered have implicated MuRF1 in the regulation of the development of cardiac hypertrophy: increasing MuRF1 in cardiomyocytes inhibits the development of hypertrophy (2) , whereas the complete lack of MuRF1 results in the development of an exaggerated cardiac hypertrophy in response to pressure overload (49) .
The present study was prompted by our observation that human cardiac tissue samples obtained from patients after placement of a LV assist device (LVAD) expressed significantly higher levels of MuRF1 protein than samples taken before the device was implanted. The unloading of the heart by a LVAD device leads to a decrease in the workload of the failing heart and a decrease in LV mass. This form of cardiac atrophy is beneficial to the patient as it decreases the stress on the heart. Although previous studies have identified that MuRF1 is essential for the inhibition of the development of pathological cardiac hypertrophy, there is no evidence linking MuRF1 to the reversal of hypertrophy (i.e., cardiac atrophy). In this report, we used two independent models to demonstrate that MuRF1 is a necessary and significant mediator in the regulation of cardiac atrophy in vivo.
MATERIALS AND METHODS

Animals. The MuRF1
Ϫ/Ϫ mice used in these experiments have previously been described (3, 49) .
Human cardiac LVAD samples. MuRF1 protein levels were determined from heart samples from patients undergoing cardiac unloading by the placement of a LVAD. Heart samples were collected from patients with end-stage ischemic heart disease who received a LVAD for decompensated heart failure as a bridge to transplantation as previously described (40, 53) . During the placement of the LVAD, a core of tissue is removed to prepare the LV for LVAD inflow. This specimen was collected at the time of LVAD placement (pre-LVAD sample), snap frozen in liquid nitrogen, and stored at Ϫ80°C. When patients returned for a heart transplant, ventricular samples were excised just adjacent to the LVAD placement site (post-LVAD sample), snap frozen, and stored at Ϫ80°C. Use of the human tissue used in this study was approved by the University of North Carolina Institution Review Board (no. 03-1359).
Mouse cardiac hypertrophy reversal. Twelve to fifteen-week-old MuRF1 Ϫ/Ϫ and wild-type (WT) mice were subjected to the reversible (slipknot) transaortic constriction (TAC) procedure recently described by our laboratory (42) . All experiments used ϳ50% male and 50% female MuRF1 Ϫ/Ϫ mice and WT littermate controls. All animal protocols were reviewed by the University of North Carolina Institutional Animal Care Advisory Committee and were in compliance with the rules governing animal use published by the National Institutes of Health.
Dexamethasone model of cardiac atrophy. MuRF1 Ϫ/Ϫ and WT littermates were maintained on a standard diet with unlimited access to water. Dexamethasone (5 mg⅐kg Ϫ1 ⅐day
Ϫ1
) or saline vehicle was given by a daily subcutaneous injection for 2 wk as previously described (1, 16) . In additional experiments, dexamethasone (1 mg⅐kg Ϫ1 ⅐day
) or DMSO vehicle was continuously infused by a dorsally implanted osmotic minipump (model 2002, Alzet, Palo Alto, CA) for 2 wk. Echocardiography was performed at baseline and after 2 wk of dexamethasone treatment.
Echocardiography. Echocardiography on mice was performed on a VisualSonics Vevo 660 ultrasound biomicroscopy system as previously described (49) .
Hemodynamic assessment of aorta flow. To assess the aortic constriction after TAC and TAC reversal, right and left carotid artery flow were assessed using a 20-MHz probe driven by a high-frequency pulsed Doppler signal processing workstation (Induc Instruments, Houston, TX) as previously described (42) .
Total RNA isolation/real-time PCR determination of mRNA expression. Total RNA was isolated from cardiac ventricular tissue as previously described (49) . mRNA expression was determined using a two-step reaction. cDNA was made using a High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA). PCR products were amplified on an ABI Prism 7900HT Sequence Detection System using cDNA and either 1) the TaqMan probe set in TaqMan Universal PCR Master Mix or 2) unlabeled primers in Power CYBR Green Master Mix. The TaqMan probes used in these experiments included brain natriuretic peptide (BNP; Mm00435304_g1), smooth muscle ␣-actin (Mm00808218_g1), ␤-MHC (Mm00600555_m1), MuRF1 (Mm01188690_m1), MuRF2 (Mm01292963_g1), atrogin-1/ muscle atrophy F box/F box only protein 32 (Mm00499518_m1), and 18S (Hs99999901_s1) (Applied Biosystems). The unlabeled primers for mouse tissue inhibitor of metalloproteinase (TIMP)-1, TIMP-2, matrix metalloproteinase (MMP)-2, pro-collagen type I (ColI), procollagen type III (ColIII), laminin B (Lamb), and GAPDH were as previously published (43) . Samples were run in triplicate, and relative mRNA expression was determined using 18S (TaqMan Probes) or GAPDH (unlabeled primers) as internal endogenous controls.
Histology and lectin staining. Hearts were perfused, processed for histology, and stained with hematoxylin and eosin, trichrome, or Triticum vulgaris lectin TRITC conjugate as previously described (49) . Myocyte area was determined using NIH ImageJ (version 1.38X) based on photomicrographs of a standard graticle ruler.
Western immunoblots. Human ventricular (50 g) samples were prepared in denaturing sample loading buffer, separated by 8% SDS-PAGE, and transferred to a polyvinylidene difluoride membrane. The membrane was incubated overnight at 4°C in 5% milk and Trisbuffered saline-Tween with polyclonal goat anti-MuRF1 antibody (NB100-2406, Novus Biologicals, Littleton, CO). The membrane was washed, incubated with horseradish peroxidase (HRP)-conjugated anti-goat antibody (sc-2768, Santa Cruz Biotechnology, Santa Cruz, CA), and washed again. The HRP signal was then detected using the ECL Plus Western Blotting system (RPN2132, GE Healthcare) according to the manufacturer's protocol.
Statistical analysis. One-way ANOVA or Student's t-test was performed using Sigma Stat 3.5 (Systat Software, San Jose, CA) and basic statistics on Microsoft Excel 2007 (Microsoft, Seattle, WA). Results are expressed as means Ϯ SE, with statistical significance defined as P Ͻ 0.05.
RESULTS
Cardiac MuRF1 increases after cardiac unloading.
The placement of a LVAD in patients waiting for a heart transplant helps improve cardiac output by taking over the pumping of blood, effectively unloading the work the heart has to do. A number of studies have reported that LVAD-induced unloading results in beneficial cardiac atrophy, which is evidenced by a reduction in LV mass (4, 31, 40, 53) . In this study, we collected samples from six patients before and after the placement of a LVAD, including two patients with matched consecutive samples (Fig. 1A) . Post-LVAD levels of cardiac MuRF1 protein were significantly elevated (ϳ60%) compared with MuRF1 protein levels found in samples taken pre-LVAD (Fig. 1B) . In the two matched samples, post-LVAD cardiac MuRF1 levels increased 52% and 39% from pre-LVAD levels taken from adjacent tissue (Fig. 1A) . This suggested that MuRF1 was intrinsically involved in the cardiac atrophy resulting from LVADinduced cardiac unloading. This result led us to propose the hypothesis that MuRF1 is involved in the regulation of cardiac atrophy. To test this hypothesis, we challenged MuRF1 Ϫ/Ϫ mice to two independent models of cardiac atrophy: 1) cardiac hypertrophy regression after reversal of TAC and 2) dexamethasone-induced atrophy.
MuRF1 is necessary for the reversal of pathological cardiac hypertrophy in vivo. We (49) have recently identified that hearts taken from adult MuRF1 Ϫ/Ϫ mice are indistinguishable from WT littermate controls. We (49) also discovered that MuRF1 Ϫ/Ϫ mice develop an exaggerated cardiac hypertrophy after the induction of pressure overload by TAC, suggesting that MuRF1 antagonizes the development of pathological cardiac hypertrophy. In the present study, we investigated the role that MuRF1 plays in the cardiac atrophy that is seen with the Ϫ/Ϫ and WT control mice underwent reversible TAC, which was released 4 wk later. The ability of MuRF1 Ϫ/Ϫ mice to decrease cardiac mass after TAC release was then determined by echocardiography, histology, and gene expression analyses. By calculating the LV mass index by echocardiography, we discovered that 4 wk after TAC, the increase in cardiac mass in MuRF1 Ϫ/Ϫ mice was ϳ2.4-fold higher than the increase seen in WT mice (71.8% vs. 29.4% from baseline, respectively; Fig. 2A ). After TAC release [the success of which (Table 1 ) and histological analysis (Supplemental Fig. 1) ], 1 the LV mass index of WT mice regressed to baseline within 4 days. A significant decrease in cardiac mass was also seen in MuRF1 Ϫ/Ϫ mice 4 days after TAC release; however, this rate of cardiac atrophy was not maintained. Four weeks after TAC release, the cardiac mass of MuRF1 Ϫ/Ϫ mice remained 37.6% higher than the pre-TAC baseline. The inability of MuRF1 Ϫ/Ϫ mice to fully reverse the TAC-induced hypertrophy was confirmed by the determination of the actual whole heart mass in representative mice (Fig. 2B) . As with the LV mass index, MuRF1 Ϫ/Ϫ hearts exhibited an exaggerated total cardiac mass after 4 wk of TAC (60.4%) compared with WT mice (35.6%; Fig. 2B ). However, whereas the total cardiac mass returned to baseline levels in WT mice by 4 days after TAC release, MuRF1 Ϫ/Ϫ mice decreased their mass by only ϳ50% (60.4% vs. 35.7%) and remained at 32.5% greater mass than WT hearts after 4 wk of TAC release (Fig. 2B) . This response to TAC and TAC release was also seen by histological analyses (Fig. 2, C  and D) . MuRF1 Ϫ/Ϫ mice retain increases in wall thicknesses and cardiomyocyte size after TAC release. To ascertain if the sustained increase in the LV mass index seen in MuRF1 Ϫ/Ϫ mice after TAC release correlated with a lack of cardiac wall atrophy, we analyzed serial echocardiographic images of anterior and posterior ventricular walls in WT and MuRF1 Ϫ/Ϫ mice before and after TAC release (Fig. 3) . M-mode imaging identified an increase in both anterior and posterior wall thicknesses in WT and MuRF1 Ϫ/Ϫ mice after 4 wk of TAC (Fig.  3A) . Quantitative analysis of wall thickness in diastole demonstrated that MuRF1 Ϫ/Ϫ mice increased anterior wall thickness 60.5% from baseline, which was ϳ2.3-fold higher than the increase identified in WT mice (26.0%; Fig. 3B ). Similarly, posterior wall thickness in MuRF1 Ϫ/Ϫ mice increased 48.8%
from baseline values, which was 1.9-fold higher than the increase identified in WT mice (25.3%; Fig. 3C ). Consistent with our LV mass index results, anterior and posterior wall thicknesses in WT mice returned to baseline levels 4 days after TAC release. However, in MuRF1 Ϫ/Ϫ mice, decreases of 47.3% and 30.5% (anterior and posterior wall thicknesses in diastole, respectively) occurred after 4 days post-TAC release but did not decrease further in the ensuing 4 wk. Surprisingly, during the TAC release time course, heart rate, percent fractional shortening, percent ejection fraction, and LV interventricular distance did not differ between MuRF1 Ϫ/Ϫ and WT mice (Supplemental Fig. 2 ), indicating that neither MuRF1 Ϫ/Ϫ nor WT heart function deteriorated during cardiac hypertrophy induction or after TAC release.
To determine whether the maintained cardiac wall thickness and mass seen in MuRF1 Ϫ/Ϫ mice after TAC release represented a sustained increased in cardiomyocyte size, we next analyzed the cross-sectional area of cardiomyocytes from WT and MuRF1 Ϫ/Ϫ hearts (Fig. 4) . Representative cross-sectional areas demonstrated that hearts lacking MuRF1 had an exaggerated increase in cardiomyocyte size compared with WT mice after TAC (Fig. 4A, 4 wk) . Quantitative analysis of the cross-sectional areas revealed that MuRF1 Ϫ/Ϫ cardiomyocytes increased their cross-sectional areas 95.3%, ϳ2.5 times the increase in cross-sectional areas of WT mice at 4 wk of TAC (37.8%; Fig. 4B ). In WT mice, the individual cardiomyocyte cross-sectional area decreased to baseline levels by 1 wk after TAC release, whereas at the same time point, MuRF1 Ϫ/Ϫ cardiomyocyte cross-sectional area had decreased by only 20.6% (Fig. 4B) . No further decrease in cardiomyocyte crosssectional area was seen in MuRF1 Ϫ/Ϫ hearts for the remainder of the TAC release period (Fig. 4A, 1 wk Rev and 4 wk Rev). A confounding issue with these findings is that MuRF1 Ϫ/Ϫ hearts have an exaggerated cardiac hypertrophy, which proportionally decreases to the same extent as WT mice (ϳ30%; Fig. 2A) . By several measures, including heart weight ( Fig. 2 ) and wall thickness (Fig. 3) , MuRF1 Ϫ/Ϫ mice hypertrophy to nearly the same extent after 1 wk of TAC as WT mice do after 4 wk of TAC. To more clearly delineate the role of MuRF1 in pathological cardiac hypertrophy reversal, MuRF1 Ϫ/Ϫ mice underwent TAC for 1 wk to achieve comparable cardiac hypertrophy to WT mice after 4 wk. The TAC was then released, and the degree of cardiac wall thickness was followed by echocardiography and histology (Supplemental Fig. 3 and Supplemental Table 1) . Surprisingly, little if any decrease in anterior and posterior wall thicknesses was detected by echocardiography (Supplemental Fig. 3, A and B) . Histological analysis of cardiomyocyte cross-sectional areas demonstrated a 9.6% decrease in size 7 days after the release of TAC (Supplemental Fig. 3, C and D) . This contrasts to the 100% decrease in cardiac hypertrophy identified in WT mice 7 days after release of TAC and comparable cardiac hypertrophy (Figs.  2-4 ). These results demonstrate that MuRF1 is involved in regulating the decrease in cardiomyocyte mass during cardiac atrophy associated with hypertrophy regression.
Lack of MuRF1 does not affect the suppression of hypertrophy-associated transcriptional activity after debanding. The development of pressure overload-induced pathological cardiac hypertrophy is associated with signaling processes that result in the activation of distinct transcriptional programs 1 Supplemental material for this article is available online at the American Journal of Physiology-Heart and Circulatory Physiology website. Values are means Ϯ SE; n ϭ 3 mice/group. Carotid Doppler velocities were performed at baseline and 4 and 7 days after mice had been debanded. WT, wild type; MuRF1, muscle ring finger-1. *P Ͻ 0.001 compared with baseline; †P Ͻ 0.001 compared with postdebanded MuRF1 Ϫ/Ϫ and baseline WT peak velocities. (15) . This includes activation of transcription factors such as SRF and nuclear factor of activated T cells (NFAT), which regulate the increase in genes normally expressed during development, including ␤-MHC, smooth muscle ␣-actin, and BNP. We compared the expression of these genes during cardiac atrophy resulting from the reversal of cardiac hypertrophy in WT and MuRF1 Ϫ/Ϫ mice (Fig. 5A ). Surprisingly, both MuRF1 Ϫ/Ϫ and WT mice had comparable reduc- tions in all three fetal genes examined after TAC release, indicating that the genes associated with pathological cardiac hypertrophy were similarly inactivated in both MuRF1 Ϫ/Ϫ and WT hearts after unloading of the heart (Fig.  5A ). This result suggests that the sustained cardiac hypertrophy seen in MuRF1 Ϫ/Ϫ mice after TAC release is not due to continued prohypertrophic transcriptional programs and may instead be linked to impairments in mechanisms associated with cardiac muscle mass reduction.
Genes associated with cardiac remodeling do not increase in MuRF1
Ϫ/Ϫ mice after TAC release. A clinical study (47) has demonstrated that the development of pathological cardiac hypertrophy and subsequent therapeutic atrophy is accompanied by changes in the cardiac extracellular matrix (ECM). The ECM is a network of collagens that sustains myocyte structure and function.
The balance of collagen turnover is controlled by specific MMPs and inhibitors of MMPS called TIMPs. During LV atrophy associated with surgical repair of aortic stenosis, increases in MMP-2, TIMP-1, and TIMP-2 have been reported (47) . In the present study, we investigated the remodeling mechanism in MuRF1-/-hearts by determining the mRNA levels of proteins associated with regulation of the cardiac ECM, including procollagen I, procollagen III, and laminin. We also investigated the mRNA levels of enzymes that degrade these proteins, including MMP-2, MMP-13, TIMP-1, and TIMP-2 (Fig. 5B) . At 4 days after TAC release, WT mice expressed higher levels of cardiac TIMP-1, TIMP-2, MMP-2, and ColI compared with MuRF1 Ϫ/Ϫ mice. We did not identify increases (or differences) in ColIII, Lamb, or MMP-13 during atrophy 4 or 7 days after TAC release in MuRF1 Ϫ/Ϫ or WT mice (data not shown). These findings indicate that the expression of some genes associated with the ECM remodeling that accompanies atrophy associated with pathological cardiac hypertrophy regression (i.e., TIMP-1 and TIMP-2) is attenuated in mice lacking MuRF1, which may be associated with the apparent inability of MuRF1 Ϫ/Ϫ cardiomyocytes to decrease in size after TAC release.
MuRF1 mediates the cardiac atrophy induced by dexamethasone treatment. The experiments described above point to a critical role of MuRF1 in mediating cardiac atrophy associated with the regression of pathological hypertrophy. However, there has been some debate as to whether or not the process of hypertrophy regression involves the same cellular mechanics as pure muscle atrophy, that is, a decrease in muscle mass from a steady-state level. To test whether or not the effects of MuRF1 described above are specific to pathological hypertrophic regression, we also tested whether or not MuRF1 is involved in the cardiac atrophy induced by chronic dexamethasone treatment. A previous study (7) has already demonstrated that MuRF1 plays a significant role in mediating dexamethasone-induced skeletal muscle atrophy. We tested the effect of chronic dexamethasone treatment on cardiac wall thickness in WT and MuRF1 Ϫ/Ϫ mice. Daily dexamethasone injections were given to mice for 2 wk and followed by echocardiography and histological analysis. When sham mice (saline injections only) were compared with WT mice receiving dexamethasone treatment, significant decreases in anterior and posterior wall thicknesses were identified (Fig. 6, A-C) , with parallel decreases in cardiomyocyte cross-sectional areas (Fig. 6, D and  E) . However, MuRF1 Ϫ/Ϫ animals were resistant to dexamethasone-induced cardiac atrophy and appeared to trend toward increased cardiac mass by heart weight/body weight measures ( Table 2 ). In parallel experiments, osmotic pumps that released dexamethasone were implanted dorsally and left in place for 2 wk (7), followed by cardiac wall thickness assessment by echocardiography. When sham mice (osmotic pumps releasing vehicle only) were compared with WT mice undergoing dexamethasone treatment, significant decreases in anterior and posterior wall thicknesses in dexamethasone-treated animals were identified, as anticipated (Supplemental Fig. 4) , along with cardiac dilation (Supplemental Table 2 ). In contrast, MuRF1 Ϫ/Ϫ mice were resistant to dexamethasone-induced cardiac atrophy, as indicated by little or no changes in anterior and posterior wall thicknesses in diastole (Supplemental Fig. 4 ) or chamber dilation (Supplemental Table 2 ). Although it was noted that the osmotic pump experiments demonstrated a greater overall atrophy than the daily dexamethasone injections, technical issues with wound dehiscence (likely due to the dexamethasone treatment) made further analysis of this observation impractical. These findings suggest that MuRF1 mediates atrophy in the dexamethasome model in the same manner that it does in the atrophy associated with pathological cardiac hypertrophy regression. MuRF1 may therefore play a more generalized role in decreasing cardiac muscle mass in a variety of clinical scenarios.
DISCUSSION
The development of pathological cardiac hypertrophy is a common precursor to heart failure and heightens the risk of heart failure and arrhythmias. Not surprisingly, the reversal of pathological cardiac hypertrophy reduces these risks and is therefore an attractive process against which to target potential therapies. In the present study, we used two models of cardiac atrophy to investigate the role of MuRF1 in decreasing cardiac muscle mass in vivo. The concept of cardiac atrophy in the present study has been expanded from muscle mass loss from baseline levels to the decrease in muscle mass seen in the therapeutic regression of hypertrophic states. Our results demonstrate that MuRF1 is an essential mediator of the cardiac atrophy associated with both regression of TAC-induced pathological hypertrophy as well as the atrophy resulting from chronic dexamethasone treatment. Together, these findings demonstrate, for the first time, a major role for MuRF1 in the process of reducing cardiac muscle mass in vivo. As preclinical trials have demonstrated the value of blunting hypertrophic growth without compromising cardiac performance, the potential for antihypertrophy therapy has been suggested (19, 20) . This strongly supports the notion of exploring MuRF1 as a useful therapeutic target in the quest to improve clinical outcomes and prevent heart failure in a wide range of patients.
While the reversal of pathological cardiac hypertrophy that occurs after the removal of pressure overload appears to involve a reduction in cardiomyocyte size, it is only one aspect of a broader process that involves the restoration of diastolic function and remodeling of the ECM. In clinical scenarios where high blood pressure is adequately treated or aortic stenosis is surgically repaired, reversal of pathological cardiac hypertrophy occurs in patients. In this situation, several studies have reported that regression of pathological cardiac hypertrophy parallels improvements in diastolic dysfunction (12, 22, 30, 46) . A balance of degradation by MMPs and TIMPs in the ECM is vital to the remodeling process that occurs during hypertrophy regression. In failing hearts, alterations in the balance of MMPs and their endogenous inhibitors (TIMPs) have been reported. The regulation of MMPs and TIMPs during the regression of pathological cardiac hypertrophy, which occurs in as little as 4 days in the present study, has not been previously reported. We identified that WT mice had an expected transient increase in MMP-2, TIMP-1, TIMP-2, and ColI mRNA levels 4 days after TAC release. In contrast, these did not change in MuRF1 Ϫ/Ϫ mice. While we don't necessarily believe that MuRF1 has a direct effect on ECM regulation, MuRF1's effect on cardiomyocyte size might allow it to indirectly affect the ECM.
In the present study, we identified, for the first time, that dexamethasone treatment in adult mice leads to a reduction in cardiac mass. This should be contrasted to the effects that dexamethasone has on the heart in both human and experimental neonates. Dexamethasone therapy in neonates for bronchpulmonary dysplasia, premature birth, and chronic lung disease has been reported to be associated with increased cardiac mass repeatedly (23, 38, 41, 48, 52) . In a randomized clinical trial, a common side effect of dexamethasone therapy is cardiac hypertrophy after therapy for as little as 7 days, resulting in clinically significant symptoms (54) . Therefore, the effects of dexamethasone-induced cardiac atrophy reported in the present study are observations likely confined to adult mouse hearts. The role of MuRF1 in this age-dependent effect in cardiac mass is tantalizing, however, beyond the scope of the present study.
MuRF1 is found exclusively in skeletal muscle and the heart and has been localized to the M-line of the sarcomere (3, 5) . Structurally, MuRF1 contains a ring finger domain, a motif known to have ubiquitin ligase activity. Ubiquitin ligases interact with ubiquitin-activating and ubiquitin-conjugating enzymes to place ubiquitin chains on substrates to be recognized and degraded by the 26S proteasome (50) . Our laboratory was the first to identify that MuRF1 is a bona fide ubiquitin ligase capable of interacting with cardiac troponin I and tagging it for degradation in a proteasome-dependent manner (24) . Other investigators have identified that MuRF1 interacts with additional sarcomeric proteins including telethonin and myotilin (51) as well as ␤-MHC, which is degraded in vivo by MuRF1 (13) . In the present study, mice deficient for MuRF1 exhibited a significant attenuation in cardiac atrophy after TAC release, implicating MuRF1 as a key player in the sarcomeric degradation that occurs after cardiac unloading. The fact that MuRF1 Ϫ/Ϫ hearts displayed some degree of cardiac atrophy after TAC release suggests that MuRF1 is not the only ubiquitin ligase operating in this process. A previous study (3) has demonstrated that the muscle-specific ubiquitin ligase atrogin-1, in addition to MuRF1, is capable of regulating the decrease in skeletal muscle mass that occurs during atrophy. When we examined the expression of both MuRF1 and atrogin-1 in WT mice in our model system, we found that both proteins were increased after the induction of TAC (Supplemental Fig.  5, A and B) . The increase in atrogin-1 expression was comparable between MuRF1 Ϫ/Ϫ and WT mice during cardiac atrophy after TAC release; however, the levels of MuRF2, a related MuRF family member, did not significantly change in either MuRF1 Ϫ/Ϫ or WT mice after pathological cardiac hypertrophy (Supplemental Fig. 5C ). The robust increase in atrogin-1 during cardiac atrophy associated with hypertrophy regression in MuRF1 Ϫ/Ϫ mice could account for the small amount of hypertrophic regression seen in these mice during the first week after TAC release.
In the heart, MuRF1 was initially identified as a protein that inhibits the development of pathological cardiac hypertrophy by blocking PKC-ε signaling and degrading cardiac troponin I (2, 24). Consistent with this described role, we (49) have previously demonstrated that MuRF1 Ϫ/Ϫ mice exhibit an amplified pathological cardiac hypertrophic response to TAC-induced pressure overload and that this effect persists for up to 2 wk after TAC induction. The development of pathological cardiac hypertrophy involves enhanced protein synthesis by individual myocytes (8, 33, 37) . Recent studies (9, 11) have identified that, in addition to increased protein synthesis, proteasomal activity and protein turnover are also enhanced during the development of pathological cardiac hypertrophy. Given that the ubiquitin-proteasome system degrades as much as 30% of newly synthesized cellular proteins (17) , it stands to reason that mice deficient in MuRF1, a ubiquitin ligase known to interact with and degrade multiple sarcomeric proteins, exhibit enhanced cardiac hypertrophy in response to TAC. Without MuRF1, a key component of the protein quality control system is missing in these mice, allowing for the extravagant build up of cardiac muscle with little or no protein degradation against which to balance.
We propose that one of MuRF1's key roles in the heart is to regulate the development and maintenance of pathological cardiac hypertrophy, perhaps by actively degrading worn sarcomeric proteins as part of a broader process of protein quality control. This would parallel MuRF1's proposed role in the protein quality control of creatine kinase, whereby oxidized forms of creatine kinase are preferentially ubiquitinated and targeted for degradation (27, 55) . In addition to the role that MuRF1 appears to play in preventing pathological cardiac hypertrophy, we have also uncovered evidence in this study that MuRF1 is critical to the process of cardiac atrophy, paralleling the results of another study (3) in which skeletal muscle atrophy was induced in MuRF1 Ϫ/Ϫ mice by limb denervation. In that study (3), MuRF1 Ϫ/Ϫ mice had a 36% sparing of muscle mass loss after denervation, indicating that MuRF1 plays an active role in skeletal muscle atrophy. MuRF1's ability to degrade specific sarcomeric proteins is likely the underlying process that mediates both cardiac and skeletal muscle atrophy in these studies.
